SPECTROPHOTOMETRIC STUDIES OF LOWER OXIDATION STATES OF TECHNETIUM
Summary_-The spectrophotometric behaviour of lower oxidation states of technetium, obtamed by reducing pertechnetate under different conditions by various methods, has been examined. Contrary to some of the previously advanced conclusions regarding the ascorbic acid reduction of pertechnetate. it was found that the technetium is reduced to a quadrivalent state. The latter product does not appear to involve a tightly-bound ascorbate species; neither does it significantly react or complex with cc-picolinic acid to give a new species.
THE lower oxidation states of technetium resulting from chemical or electrochemical reduction of technetiumv'I, present as pertechnetate in solution, have not been clearly defined for a variety of reactions. l Surveys of the polarographic reduction patterns of technetiumvII solutions,2p3 supplemented by more detailed studies,4-6 begin to decrease the uncertainties involved in characterising the lower oxidation levels.
Spectrophotometric data should provide further information regarding the technetium species involved, but the data so far reported are limited and somewhat contradictory.
The absorption spectrum of pertechnetate ion is well known'** and a technetiumv-thiocyanate system has been carefully characterised.9 Spectra have also been given for technetiumIv and technetiumrrrs~ll and undefined lower states,lO sometimes over very narrow ranges of wavelength and for unspecified concentrations.
The present paper presents additional data relating to the spectrophotometry of technetium ter-and quadrivalent states. Based on evidence now available, a reinterpretation is suggested for the technetium v*vr-a-picolinate spectrophotometric method.lO
EXPERIMENTAL

Apparatus
A Beckman Model 2400 DU instrument was used with l.OOO-cm quartz cells for the spectrophotcmetric measurements.
Polarographic measurements were made with a Fisher Elecdropode and an H-cell thermostatically controlled at 25.0 * O-1"; one leg of the cell contained a saturated calomel electrode (S.C.E.). pH was measured with a Leeds and Northrup No. 7664 pH meter.
Reagents
Technetium solutions: A solution of ammonium pertechnetate in water (pH 4) containing 46.75 mg of B9Tc/ml and 3 x lo-" mc of esmTc/g of OBTc was obtained from the Oak Ridge National Laboratory; coulometric studies substantiate the stated concentration. 4+ Pertechnetate stock solution I was prepared by diluting 10 ml of this solution to 250 ml; 10 ml of solution I were further diluted to 100 ml to give stock solution IJ (technetium concentration:
1.89 mM).
Ascorbic acid, a-picolinic acid and sulphosalicylic acid solutions:
prepared from reagent-grade chemicals (ascorbic acid was U.S.P.).
10% w/v aqueous solutions were
Tin" chloride solution: 20 g of SnC1,.2H,O were dissolved in 6M hydrochloric acid with warming, then diluted to 100 ml with the same acid.
Nitrogen: Oil-pumped and used without further purification for purging all solutions of oxygen. Buffer solutions: A pH 1 buffer solution was prepared by diluting to 200 ml a mixture of 97 ml of 0.2M hydrochloric acid and 2.983 g of potassium chloride. A pH 2 buffer solution was prepared by diluting to 500 ml a mixture of 265 ml of 0.2M hydrochloric acid and 125 ml of 0.2M potassium chloride. The measured pH values of these buffer solutions were 1.0 and 2.0, respectively.
All other chemicals used were C.P. grade.
Polarographic procedure
Twenty-five ml of pertechnetate solution II and 25 ml of ascorbic acid solution were diluted to volume in a 250-ml volumetric flask with pH 2 buffer. About 15-ml portions of this solution (technetiumvn concentration 0.189 mM) were transferred to the H-cell at different intervals of time after preparation of the solution, deoxygenated with nitrogen for 10 to 15 min, then polarographed over the potential range of 0.0 to -1.5 V us. S.C.E. Et and id were determined graphically, utilising the maximum deflections.
Spectrophotometric procedures
(1) In a lo-ml volumetric flask, 0.5 ml of pertechnetate solution II was well mixed with 5 ml of pH 2 buffer and 1 ml of ascorbic acid solution, heated at ca. 70" under an infrared lamp for 20 min, cooled and diluted to volume with pH 2 buffer; the spectrum of the resulting solution was measured at different intervals of time against a blank containing 1 ml of ascorbic acid solution diluted to 10 ml with pH 2 buffer. This procedure was also used with 0.5 ml of a-picolinic acid solution present in addition to the ascorbic acid.
(2) In a lo-ml volumetric flask, 0.5 ml of pertechnetate solution II was thoroughly mixed with 4 ml of pH 1 buffer solution and O-2 ml of tinrr chloride solution, then diluted to volume with pH 1 buffer. The absorption spectrum was measured against a blank containing 0.2 ml of tin" chloride solution diluted to 10 ml with pH 1 buffer. A similar procedure was employed with the addition of 1 ml of sulphosalicylic acid solution in addition to the tin" chloride.
RESULTS
AND DISCUSSION
Al-Kay&, Magee and WilsonlO reduced technetiumvrr in hydrochloric acid solution with either tinrr chloride or ascorbic acid to give a postulated quadri-or quinquevalent state complex with c+picolinic acid; the resulting pink solution showed a molar absorptivity (c) of about 4,400 at 480 mp.
On treating pertechnetate with ascorbic acid by the same methodlo but in the absence of cr-picolinic acid, reduction occurs very slowly (cJ Table I ) with the molar The rate of decrease in the first polarographic reduction wave of pertechnetate4p5 in the presence of ascorbic acid is in agreement with the increase in molar absorptivity. The half-wave potential of this wave, which represents the reduction of technetiumvrr to technetiumrrr, is not significantly shifted by the presence of the ascorbic acid; the slope is also unchanged. While this wave does shift in the expected mannel-4 as a function of pH, it is irreversible (slope criterion) and its failure to shift here is not incontrovertible evidence of the non-existence of ascorbate complexes of the reduced technetium state or states.
The partial extraction by chloroform of the "quadri-or quinquevalent a-picolinate complex" of technetium has been noted .l" In the present study, the red solutions obtained by the reduction of pertechnetate with ascorbic acid were made 0*05-6M in sulphuric acid and extracted with equal volumes of chloroform. Radiometric assay of the two layers indicated an extraction of 2.5-5.5 'A, corresponding to a low distribution coefficient of 0~03-0~06. Better extraction of technetiumrv, for example, is obtained with ether from 0+6M hydrochloric acid solution. However, these results correspond to distribution coefficients of less than 0.1, and are not indicative of the existence of significant amounts of organic solvent soluble technetium-ascorbate species.
In order to ascertain whether the ascorbate-reduced solution contained any technetiumrrr, a yellow-green technetium111 solution, prepared by the macroscale reduction at a mercury cathode of an acidic pertechnetate solution,5 was rapidly examined spectrophotometrically after dilution. (The spectrum obtained had nothing in common with that observed for technetium111 in pH 7 phosphate solution between 400 and 750 mp.6) The appreciable amount of technetiumvrr, which developed as a result of rapid air oxidation, was determined polarographically and the spectrophotometric curve was corrected by subtracting the absorbance from technetiumv*r to give curve B of Fig. 1 ; inaccuracies in this correction, from the presence of technetiumrv or technetiumv, may account for the apparent features at 270 and 290 rnp; however, the peak at 340 rnp is essentially free of any effects from technetiumvrr.
Based on the absence in the ascorbate-reduced solution (curve A of Fig. 1 ) of the 340-rnp peak observed in the technetium solution, it can be safely asserted that the ascorbate-reduced solution does not contain appreciable amounts of technetium'II; this is confirmed by the presence in the ascorbate-reduced solution of an absorption maximum at 485 rnp which is absent in the technetium111 solution.
The nature of the technetiumrv species obtained by ascorbate reduction, as indicated by its spectrum (curve A of Fig. l) , is different from the technetiumrv species obtained by reduction in hydrochloric acid (curve D of Fig. 1 ). The latter spectrum is that of pertechnetate, which was allowed to stand for about 1 month in 9M hydrochloric acid, then examined against a blank of 9M hydrochloric acid; the molar absorptivity of 9,100 at 338 rnp is in general agreement with the value of 11000, reported for spectrophotometry in 1M hydrochloric acid after reduction in 9M hydrochloric acid.ll Consequently, it may be concluded that ascorbic acid, in the absence of thiocyanate, reduces pertechnetate very slowly to a technetiumrv species, which shows a maximum at 485 rnp with a molar absorptivity of 4,300 to 4,400 as previously reported.'O The red colour of the technetiumrv species and the absence of a precipitate of technetium dioxide suggests the formation of an ascorbate complex, but the polarographic behaviour of the partially reduced solution is contrary to such a postulation, i.e., formation of a technetiumrv-ascorbate complex should involve a shift in E,, which does not occur.
Miller et aL6 coulometrically reduced technetiumvII in pH 7 phosphate buffer to a pink quadrivalent state, which absorbed at 515 m,u with an E of 380. Apparently, the technetiumrv forms a stable red-coloured complex as indicated by the shift of the absorption maximum from 485 to 515 rnp and the decrease in molar absorptivity from 4,300 to 380. Similar pink or pale-violet solutions were obtained by the present authors after coulometric reduction of technetium to a quadrivalent state in noncomplexing acidic media.4*5
Reduction of 0.189 mM pertechnetate in O*lM hydrochloric acid by tin11 chloride, which is complete in about 30 min, gives an orange-coloured solution (maximum at 445 rnp, E = 670). Polarography of this solution does not show any portion of the wave from the reduction of technetiumvrr to technetium111 (Et = $0.02 V vs. S.C. E.). The polarographic wave, which does appear at E, of -0.41 V vs. S.C.E., is that from the reduction of tinrr; however, the current is 224 PA, compared to 206 ,uA observed for tinrr alone. The increase may be caused by reduction of tinrv formed and to further reduction of technetium to the metal (the reduction of technetium111 to technetium0 normally occurs at E, of ca. -0.9 V at the acidity involved).
Reduction of pertechnetate in O*lM hydrochloric acid by tinI chloride in the presence of sulphosalicylic acid gives in 30 min a solution having an absorption maximum at 430 m,u of E = 1120. The changes in absorption would indicate formation of a sulphosalicylate complex by the reduced technetium. Earlier workerslO have reported for a similar operation a maximum at 460-470 rnp, without mentioning the molar absorptivity; this maximum was ascribed by them to a technetiumV complex. 
